The budding yeast securin, Pds1, binds to and inhibits the Esp1 protease, also known as separin because it initiates until all pairs of sister chromatids are attached to the mitotic spindle. The checkpoint could monitor chromosome separation by severing the Scc1 subunit of cohesin [7][8][9], a protein complex needed to establish and the attachment of microtubules to kinetochores, the tension that results from the two sister chromatids maintain the linkage between sister chromatids [10, 11]. Once the checkpoint is satisfied, Pds1 is degraded, and attaching to opposite spindle poles, or both. We tested the role of tension by allowing cells to enter active Esp1 destroys sister chromatid cohesion. With the linkage between the sisters dissolved, the poleward forces mitosis without a prior round of DNA replication. The unreplicated chromatids are attached to spindle acting at the kinetochore pull the separated chromatids toward the spindle poles.
chore can overcome the spindle checkpoint, suggesting that these cells monitor tension at the kinetochore [22] , kinetochores of mitotic animal cells do not lead to Mad2 recruitment to kinetochores, suggesting that full activation of the checkpoint requires more than a lack of tension [18] . The notion that unoccupied microtubule binding
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sites activate the spindle checkpoint in mitotic cells is The survival of cells and organisms depends on accurate consistent with the observation that laser-ablation of the chromosome segregation. The spindle checkpoint is a last unattached kinetochore in mammalian cells inactifeedback mechanism that ensures faithful chromosome vates the spindle checkpoint [24] . In this interpretation, transmission by delaying chromosome segregation until the sisterless kinetochore fails to maintain the checkpoint the last chromosome has properly attached to the mitotic signal because its microtubule binding sites are fully occuspindle (reviewed in [1] ). The interaction between chropied. Alternatively, the monooriented chromosome may mosomes and spindle microtubules is mediated by the experience an increased "polar ejection force" due to its kinetochore, the proteinaceous complex that assembles close proximity to the pole, thus establishing sufficient on centromeric DNA. The checkpoint remains active untension at the kinetochore to overcome the checkpoint. til the two kinetochores of each sister chromatid pair have captured microtubules emanating from opposite spindle poles, a state known as biorientation. The checkpoint These apparently contradictory results could reflect differences between meiosis and mitosis or differences beblocks activation of the Anaphase-Promoting Complex (APC) [2-4], an E3-ubiquitin ligase that initiates the tween cell types or organisms. Alternatively, they could reflect the known interdependence of tension and attachmetaphase-anaphase transition by degrading securin, a protein that inhibits sister chromatid separation [5, 6] . ment in higher eukaryotes; the application of tension to kinetochores increases both stability of individual microby the GAL promoter [30] . Cells were followed through a synchronous cell cycle after CDC6 was depleted. tubule attachments [25] and the overall occupancy [26] . The presence of multiple microtubules at each animal cell kinetochore makes it difficult to determine whether Before we could reach conclusions about the role of tenall the microtubule binding sites at a given kinetochore sion in the spindle checkpoint, we needed to demonstrate are occupied. Yeast kinetochores have the advantage that that unreplicated chromosomes could still attach to the they only capture a single microtubule during mitosis [27] spindle normally. We applied two criteria for functional and thus avoid the possibility of partial occupancy of the attachment. First, chromosomes should be equally likely binding sites at a single kinetochore. Given the complexito segregate to the mother or daughter cell. A bias toward ties at the animal kinetochore, we decided to study the mother cell indicates a defect in microtubule attachwhether yeast kinetochores that were not under tension ment and is exemplified by the kinetochore mutant could activate the spindle checkpoint.
ndc10-1, which fails to deliver any chromatids to the daughter cell [31] . Secondly, functional microtubule attachment in yeast results in the close proximity of kinetoWe reasoned that completely blocking DNA replication chores to their respective spindle poles [19] [20] [21] . We therewould allow us to analyze the role of tension during checkfore reasoned that centromere localization near a spindle point activation in mitosis. Tension cannot be established pole would reflect normal interaction with microtubules because unreplicated chromatids lack the opposing sister in Cdc6-depleted cells. kinetochore to stretch the linkage between a spindle pole and a chromosome. Usually, the DNA replication checkpoint keeps cells that cannot complete replication from
We followed the behavior of fluorescently marked centromeres. An array of Lac operators (lacO) at the centromere initiating chromosome segregation. However, since the checkpoint senses these defects by monitoring intermediof chromosome VIII was visualized by the binding a fusion between green fluorescent protein and the Lac repressor ates in DNA replication, cells are unable to detect the complete failure to initiate replication [28] . Cells lacking (GFP-LacI) [32] . The GFP-tagged chromosome segregated to the daughter cell in 51% of Cdc6-deprived cells, Cdc6, an essential factor for initiating DNA replication, do not activate the DNA replication checkpoint and thus revealing an equal chance of segregation to daughter or mother cell (data not shown). The daughter cell was easily enter mitosis without replication [29] . Because the chromosomes lack opposing sisters, their kinetochores ranidentified by its smaller size and the absence of pheromone-induced cell shape changes that characterize the ␣ domly attach and move to one pole or the other ( Figure  1 ). As a source for unreplicated chromatids, we used a factor-treated mother cell. We also found that less than 1% of Cdc6-deprived cells showed signs of more than one cdc6⌬ strain containing an inducible CDC6 gene driven GFP dot per cell, confirming that the Cdc6-depleted cells are not attempting S-phase (data not shown). To investigate functional attachment in more detail, we marked two centromeres, CEN8 and CEN15, in wild-type, GALCDC6cdc6⌬ mutant, and ndc10-1 mutant cells. Cells were released from a G1 arrest and followed through a synchronous cell cycle at 37ЊC. Two hours later, wild-type cells had completed replicating and segregating their sister chromatids, as evidenced by GFP dots at each pole-one for each marked centromere (Figure 2 ). The pair of dots at one pole often merged into one dot due to the tight centromere clustering at the spindle pole bodies. In the kinetochore mutant, ndc10-1, replication was unaffected, as indicated by the presence of four GFP dots. However, all four GFP dots remained in the mother cell, demonstrating the absence of microtubule-dependent forces that could move them through the narrow neck into the daughter cell ( Figure 2 ). This observation is consistent with the essential role of Ndc10 in attaching kinetochores to microtubules. In contrast, Cdc6-deprived cells were not defective in chromatid movement into the bud; fortyeight percent of cells the two CEN signals were found at opposite spindle poles, whereas the remaining 52% had GFP signals at only one spindle pole (Figure 2 ). More importantly, 98% of GFP-marked centromeres in Cdc6-depleted cells were located close to the spindle pole body-within 20% of the spindle length-just as in wildtype cells, while only 14% of the centromeres in ndc10-1 cells showed similar proximity to the spindle pole ( Figure  2 ). To summarize, we were unable to detect quantitative differences between wild-type and cdc6 mutant cells with respect to chromatid distribution and centromere proximity to the spindle pole.
Since we could not detect a defect in microtubule attachment, we used Cdc6-depleted cells to test whether a lack of tension alone can trigger the spindle checkpoint. We could not use cytological criteria for cell cycle progression since cells that lack sisters can elongate their spindles and segregate their DNA into two masses without activating the APC and degrading Pds1 [29, 33] . We therefore used (a) Unreplicated chromatids attach to microtubules and segregate the destruction of epitope-tagged Pds1 as a reporter for the during mitosis. Wild-type, cdc6⌬ GALCDC6 and ndc10-1 cells APC activation, which reflects inactivation of the spindle containing copper inducible GFP-LacI and lacO-arrays at CEN8 and checkpoint. To verify that any difference in Pds1 levels CEN15 were released from G1 arrest to 37ЊC after the repression is due to checkpoint activation, we used isogenic control of GAL-CDC6 (for details see Materials and methods), and samples 120 min after release were processed for immunofluorescence. Antistrains that contained or lacked the checkpoint compoLacI staining is shown in green, anti-tubulin staining in red, and DAPI nent Mad2. We synchronized cells in anaphase by using interphase and early mitosis and dropped 110 min after release as cells entered anaphase. Pds1 levels rose with similar kinetics in Cdc6-deprived cells, suggesting an ontime entry into mitosis despite the absence of replication. However, Pds1 levels remained elevated during the time but appear to be in anaphase because they have an elongated spindle and two separated groups of chromosomes. Since we could not find a defect in the attachment of unreplicated chromatids to spindle microtubules, the simplest interpretation of the Pds1 stabilization is that a lack of tension is sufficient to activate the spindle checkpoint in mitotic budding-yeast cells.
We have demonstrated that monooriented chromatids, whose kinetochores are not under tension, can trigger the spindle checkpoint. The conclusion that the checkpoint monitors tension at the kinetochore rests on the assumption that the failure of DNA replication has no other effects on kinetochore behavior. This argument is supported by our inability to detect any difference in the Monooriented chromatids activate the spindle checkpoint. cdc15-2, ability of replicated and unreplicated chromosomes to cdc15-2 mad2⌬, cdc15-2 cdc6⌬ GAL-CDC6, and cdc15-2 mad2⌬ attach to microtubules. In addition, we created sisterless cdc6⌬ GAL-CDC6, all containing a myc-tagged Pds1 allele, were chromosomes by the alternative approach of allowing norarrested in anaphase and released after repression of the GAL mal DNA replication but supressing the linkage between promoter (see Materials and methods); protein samples were taken at the indicated times; the readdition of ␣ factor after 70 min sister chromatids. In a temperature-sensitive mutant for prevented entry into an additional cell cycle. Equal loading and transfer the Scc1 cohesin subunit, we observed checkpoint-depenwas confirmed by Ponceau S staining (data not shown). dent Pds1 stabilization that was similar to our observations of replication-defective cells (data not shown). A similar, but less well-characterized checkpoint-dependent mitotic delay has also been observed in the cohesin mutant ctf7 course. The delay in Pds1 degradation was not seen in [37] and in a fission yeast cohesin mutant [38] . mad2⌬ cells. The similar timing of Pds1 destruction in Cdc6-deprived mad2⌬ mutants and wild-type cells supports two conclusions: Pds1 stabilization in Cdc6-depleted There are caveats to our conclusion that the lack of tension at the kinetochores can activate the spindle checkpoint cells is due to spindle checkpoint activation, and no other checkpoint has been activated that would cause Mad2-without affecting the linkage between kinetochores and microtubules. Although the unreplicated chromosomes in independent stabilization of Pds1. In particular, we did not see DNA damage-induced Pds1 stabilization, which cdc6⌬ cells are close to the spindle poles, it is technically impossible to show that all the kinetochores are attached would have been accompanied by a phosphorylation-dependent mobility shift of Pds1 [34, 35] . The deletion of to microtubules all of the time. Occasional transient defects in chromosome attachment could activate the checkMad2 in a wild-type background did not alter the timing of Pds1 destruction. In summary, these observations dempoint given its exquisite sensitivity to a single unattached kinetochore [39, 40] . In addition, preventing replication onstrate that Cdc6-depleted cells activate the checkpoint despite elongating their spindles. We suggest that cdc6⌬ could cause spindle abnormalities that activate the checkpoint without affecting chromosome attachment. We do, mutant cells delay mitosis in a state that has been called anaphase-like prometaphase [36] because they are physioindeed, find that 50% of Cdc6-depleted cells show defective anaphase spindles (data not shown). For two reasons logically in prometaphase, given the active checkpoint, Table 1 Yeast strains used in this study. and inactivated Cdc15. Cells were shifted to 23ЊC, and protein samples it appears that the spindle checkpoint causes the spindle were taken at the indicated times; the readdition of ␣ factor after 70 defects as opposed to the defects activating the checkmin prevented entry into an additional cell cycle.
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point. First, the defects are abolished by genetically ablating the checkpoint. Second, the spindle defects are similar
Western blot and immunofluorescence
to the spindle defects reported recently for cells that lack
Western blots were essentially performed as described in [47] except
Esp1 activity [9, 41] . Activation of the checkpoint in Cdc6-that yeast extracts were made by bead beating frozen cell pellets for one pulse of 90 s in sample buffer. Equal loading and transfer was depleted cells stabilizes the Esp1 inhibitor Pds1 and is confirmed by Ponceau S staining. 9E10 ascites (BabCO) supernatant therefore expected to interfere with anaphase spindle forwas used at a dilution of 1:1000 in PBS ϩ 0.2% Tween-20 ϩ 0.02% mation.
NaN3 after blocking in 5% nonfat dried milk in PBSϩ0.2% Tween-20. Rabbit anti-LacI antibodies were a gift from Sue Biggins (Fred Hutchison, Seattle, Washington, USA) and used at a concentration of 1:50. Immuno-
The spindle checkpoint would be most efficient if it could fluorescence was performed as described in [48] .
detect different chromosome alignment defects with a single mechanism. Sensors that monitor the occupancy of References is recruited to these kinetochores, suggesting that the integrated at CEN15 in [19] , and the lacO array integrated at CEN8 to YEP ϩ 2% glucose at 37ЊC for 90 min repressed Cdc6 expression
